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ABSTRACT
Describing surface-groundwater flow interactions along rivers requires a good
understanding of 𝐾𝑠𝑎𝑡 , the saturated hydraulic conductivity of the streambed. However, its
spatial variability is huge, so that measurements are needed at multiple locations and depths.
Because of this, most methods for in-situ estimation of 𝐾𝑠𝑎𝑡 are either too expensive or timeconsuming to capture the detailed behavior of 𝐾𝑠𝑎𝑡 over a reach in an affordable manner.
Current research on the hyporheic zone and surface water - groundwater interactions
makes extensive use of PVC minipiezometers as an inexpensive method to sample
piezometric levels, water quality, organisms, etc. As a result, it has become popular to also
use them for conducting injection or slug tests to determine 𝐾𝑠𝑎𝑡 , due to their ease of
application and affordability. However, the field data obtained in this way are most often
analyzed using equations based on the Bouwer and Rice (1976) method, originally developed
for completely or partially penetrating wells. These are much larger than typical
minipiezometers, and have larger screens, suited for testing aquifers with low 𝐾𝑠𝑎𝑡 values (<
10-3 cm/s). This method and its posterior modifications have not been fully validated for
small-diameter PVC minipiezometers; this is clearly reflected in the fact that different
equations give widely different 𝐾𝑠𝑎𝑡 values when applied to the same field-collected data.
We developed a laboratory apparatus to independently measure 𝐾𝑠𝑎𝑡 , with two
different approaches, for a range of sediment samples of increasing permeability (10-2 cm/s to
10 cm/s). We first used it as a large-scale permeameter to obtain what we consider to be our
true 𝐾𝑠𝑎𝑡 values, and then conducted injection tests using minipiezometers without disturbing
the samples. We conclude that the different equations available in the literature for estimating
𝐾𝑠𝑎𝑡 from minipiezometer data do a poor job over our range of 𝐾𝑠𝑎𝑡 . Also, the available
equation for calculating shape factors for partially and completely penetrating wells does not
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work for this case, as the screens are very different. Thus, new equations need to be
developed for determining 𝐾𝑠𝑎𝑡 from minipiezometer data.
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1 INTRODUCTION
The saturated hydraulic conductivity, 𝐾𝑠𝑎𝑡 (sometimes called the coefficient of
permeability in the literature), is a property of both a porous medium and the fluid flowing
through it and is recognized as one of the most important variables when quantitatively
describing hyporheic exchange flows. 𝐾𝑠𝑎𝑡 is a measure of the ease with which a fluid can
flow through the interstices of the porous medium. It has been found that the magnitude,
pattern, and variability of 𝐾𝑠𝑎𝑡 greatly influences groundwater flow patterns and exchanges
with stream water (Genereux et al., 2008; Landon et al., 2001). The importance of correctly
estimating 𝐾𝑠𝑎𝑡 has been stressed in many fields such as watershed management,
geotechnical engineering, water resources engineering, groundwater ecology, and many
more. Chen (2000) has also stated that it is necessary to describe the hydraulic conductivity
of a riverbed when determining the connection between a stream and adjoining aquifers.
The saturated hydraulic conductivity of a riverbed may vary over three or four orders
of magnitude over a river reach (Calver, 2001; Wang et al., 2016). Such variability in space is
not uncommon, since 𝐾𝑠𝑎𝑡 strongly depends on the structure and texture of the sediment
grains that make up the medium. Because of this, and since hydraulic conductivity is a point
scale measurement in the field, many measurements are required for proper characterization
of 𝐾𝑠𝑎𝑡 over a river reach (Logsdon & Jaynes, 1996).
Many approaches are available for estimating 𝐾𝑠𝑎𝑡 : numerical and analytical models
using aquifer pumping tests, chemical tracer experiments, and physical instream methods.
However, conducting chemical tracer experiments or pumping tests on monitoring wells over
a large number of locations would be too expensive and time consuming. This has focused
attention towards cheaper and easier instream methods for estimating 𝐾𝑠𝑎𝑡 . Landon et al.
(2001) have shown that making multiple measurements of 𝐾𝑠𝑎𝑡 with some compromised
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accuracy is better than getting only a few precise measurements, when one wishes to properly
characterize a river system.
The use of PVC pipe wells, also known as minipiezometers, has emerged as a
promising method for rapidly measuring 𝐾𝑠𝑎𝑡 at multiple locations. This type of well is
already commonly utilized in hyporheic research studies to measure piezometric levels under
riverbeds or river bars, and is also used to obtain water quality as well as biological samples.
The idea of employing PVC pipes to measure 𝐾𝑠𝑎𝑡 was first presented by Lee & Cheery
(1979). Later, Baxter et al. (2003) suggested using such minipiezometers to conduct slug tests
for estimating 𝐾𝑠𝑎𝑡 , while Cardenas & Zlotnik (2003) proposed a method based on injection
tests. However, there is no agreement in the literature about the proper methods to analyze
such test data. The available equations for estimating 𝐾𝑠𝑎𝑡 result in values of 𝐾𝑠𝑎𝑡 that
sometimes vary over more than an order of magnitude. Also, there has been no mention in the
literature about how to design the screen of these minipiezometers. Typically, a series of
holes are drilled in the pipe at a certain spacing and then covered with a fine mesh to prevent
sediments from entering the pipe. Specifications about the number of holes, their diameter,
and the screen length are needed.
Therefore, in this work, we designed and built a laboratory apparatus to evaluate the
existing methods to estimate 𝐾𝑠𝑎𝑡 based on data obtained with small diameter PVC pipes
(minipiezometers), and give recommendations on the best ways of analyzing such test data.
We also conducted a series of bucket experiments to study the effect of different numbers of
holes, diameters of holes, and screen lengths and make recommendations on their
specifications.
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2 BACKGROUND AND PREVIOUS WORK
First of all, it is essential to physically understand the concept of hydraulic
conductivity. Its origins can be dated back to the year 1856, when a French hydraulic
engineer named Henry Darcy published a report on the water supply for the city of Dijon,
describing his laboratory experiments to analyze the flow of water through sands (Freeze &
Cherry, 1979).

Darcy’s Law
Darcy conducted experiments on sand filter beds to study the properties of fluid flow
through porous media. A setup similar to Darcy’s experiment is shown in Figure 1. A
cylinder of cross-section A is filled with sand, which is held in place by means of porous
stones placed at both ends. A pair of manometers measure the head at each end. Darcy
measured the specific discharge (discharge per unit area, 𝑣 = 𝑄/𝐴) through the sand by
varying the length (l) of the column of sand while keeping the head difference between the
two ends (h=h1-h2) constant, and vice-versa. He found that for laminar flow through a
homogeneous, isotropic porous medium, completely saturated with a single fluid, the specific
discharge (𝑣) is directly proportional to h when l is held constant, and inversely
proportional to l when h is held constant as shown in Equation (2.1):
𝑣∝

∆ℎ
∆𝑙

∴ 𝑣=𝐾

∆ℎ
∆𝑙

(2.1)

The constant of proportionality K in the above equation was originally named Darcy’s
coefficient of permeability, which is the same concept as the saturated hydraulic conductivity
(𝐾𝑠𝑎𝑡 ). When conducting the above experiments with the same fluid (water) for different
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types of sand, it was found that the value of K was larger for sand and gravel, and smaller for
finer sediments.

Figure 1 Experimental apparatus for illustration of Darcy's Law (Freeze & Cherry, 1979).
Later, Hubbert (1956) pointed out that the constant of proportionality in Darcy’s law
is a function not only of the porous medium, but also of the fluid flowing through it. By
considering the relationship between the forces driving and resisting the flow through a
porous medium, Hubbert (1940) derived Equation (2.2):
𝐾=

𝑘𝑔
𝜗

(2.2)

where 𝜗 is the kinematic viscosity of the fluid, and 𝑔 is the acceleration due to gravity. While
the term 𝑔/𝜗 is a property of the fluid, k is a property of the medium alone, known as the
specific or intrinsic permeability.

Validity of Darcy’s Law
One of the primary underlying assumptions that governs Darcy’s law is the existence
of a laminar flow regime through the pores of the medium. As shown in Equation (2.1),
Darcy’s law posits a linear relationship between fluid velocity (v) and head loss rate (∆ℎ⁄∆𝑙)
through the medium, which is only true for the laminar regime, when the flow is primarily
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governed by viscous forces and the water molecules travel in smooth paths more or less
parallel to the solid boundaries of the pores (Bouwer, 1978).
A threshold value for the Reynolds number (𝑅𝑒 ) is often used to describe the
transition from laminar to turbulent flow. The Reynolds number is a dimensionless quantity
which expresses the ratio of inertial to viscous forces of the fluid flow. A lower value of 𝑅𝑒
suggests the flow is dominated by viscous forces traveling in layers or sheets, while a higher
value suggests the frictional forces between fluid layers interferes with the flow, causing
turbulence. Chilton & Colburn (1931) first adopted the following definition for the Reynolds
number for identifying non-Darcy flow in porous media:
𝑅𝑒 =

𝑣 𝐷50
𝜗

(2.3)

where v is the darcy velocity through the porous medium, 𝜗 is the kinematic viscosity of the
fluid, and D50 is the median size of the particles present in the sample, meaning the particle
diameter for which 50% of the sample mass is smaller (so that 50% is larger.
Chilton & Colburn (1931) also conducted fluid flow experiments on packed particles
and found that inertial forces become significant when the Reynolds number is in the range of
40-80. However, later experiments performed by Lindquist (1933) showed that as soon as the
inertial forces become effective, some deviations from Darcy’s law start to occur (Alabi,
2011). Thus, a lower value of four is usually accepted as the critical value of 𝑅𝑒 for Darcy’s
law to hold.

Measurement of saturated hydraulic conductivity (𝑲𝒔𝒂𝒕)
In this section, the various methods available in the literature for measuring the
saturated hydraulic conductivity are presented.
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Laboratory Measurement
The use of laboratory methods to calculate saturated hydraulic conductivity involves
collecting undisturbed samples in the field and carrying out different types of percolation
tests. Since it is almost impossible to obtain truly undisturbed samples from the field, as they
lose their functional connection with the surrounding soil (Bagarello & Sgroi, 2007), it is
desirable to determine 𝐾𝑠𝑎𝑡 directly in the field (Bouma, 1982; Klute & Dirksen, 1986).
However, laboratory methods can act as essential tools in the estimation of saturated
hydraulic conductivity when proper instrumentation for in-situ methods is not available.
Constant head permeameter
This apparatus was devised by O.E. Meinzer in 1923, as documented in Wenzel &
Fishel (1942). It consists of a percolation cylinder that contains a column of tested material
resting between fine copper gauzes. Water is allowed to inflow from the bottom of the sample
and outflow from the top. A cylindrical vessel is used for continuous supply of water to the
percolation chamber, at a constant head, as shown in Figure 2. The difference in pressure
between the top and the bottom of the test sample is measured using two piezometers. The
discharge of water that percolates through the sample is measured using a graduated cylinder
and a stopwatch. The saturated hydraulic conductivity (𝐾𝑠𝑎𝑡 ) is calculated using Equation
(2.4):
𝐾𝑠𝑎𝑡 =

𝑉𝑙
𝐴𝑡ℎ

(2.4)

where 𝑉 is the volume of percolation, ℎ is the difference in head between the entrance and
outlet of the test sample, 𝑡 is the duration over with the volume is measured, 𝑙 is the length of
the sample in the percolation chamber, and 𝐴 is the cross-sectional area of the sample.
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Figure 2 Constant-head permeability apparatus (Wenzel & Fishel, 1942).
Variable head permeameter
A variable head apparatus was devised by C.V. Theiss in 1933 for field use, in
connection with his ground-water investigations in New Mexico; a minor modification is
described by Wenzel & Fishel (1942) and is shown in Figure 3:

Figure 3 Variable-head permeability apparatus (Wenzel & Fishel, 1942).
The apparatus consists of a brass percolation cylinder connected to a partially
graduated manometer tube using a copper tube, as shown in Figure 3. For the test setup, the
zero level of the manometer is set exactly at the same level as the top of the percolation
cylinder. The percolation cylinder is then completely filled with the test sample, taking care
not to allow any air bubbles to be trapped inside the copper tube. Then, water is slowly added
7

to the top of the manometer and is allowed to percolate through the material, while the fall of
head in the manometer is recorded with a stopwatch. The saturated hydraulic conductivity
(𝐾𝑠𝑎𝑡 ) is then calculated using Equation (2.5) (Wenzel & Fishel, 1942):

𝐾𝑠𝑎𝑡 =

𝑑 2 𝑙 log 𝑒
𝐷2

ℎ0
ℎ

(2.5)

𝑡

where l is the length of the column of water bearing material (equal to the length of the test
cylinder), 𝑑 is the diameter of the manometer tube, 𝐷 is the diameter of the test cylinder, ℎ is
the head in the manometer tube after passage of time 𝑡, and ℎ0 is the initial head.
Empirical methods from grain size analysis
Alyamani & Şen (1993) developed an empirical relationship between the parameters
that describe the grain-size distribution of a sample and its hydraulic conductivity. Their work
was based on the assumption that, since the hydraulic conductivity depends on the fluid flow
through the pores between the particles, a relationship must exist such that a unique grain size
distribution curve yields a unique hydraulic conductivity value, assuming the same fluid is
used. Contrary to previous works that related some of the statistical parameters of the grain
size distribution such as geometric mean, mode, standard deviation or effective diameter to
hydraulic conductivity values, they argued that those parameters do not afford a complete
representation of the grain size distribution and hence cannot represent unique 𝐾𝑠𝑎𝑡 values.
Alyamani & Şen (1993) took sediment samples representative of a wide distribution
of particle sizes and fitted a smooth grain-size distribution curve for each sample on semilogarithmic paper. When plotting particle sizes against their percentiles, they observed that
each sample yielded a straight-line portion for particle sizes up to D50. They suggested that
this range of particles (up to D50) is representative enough of the entire sample in
consideration to its saturated hydraulic conductivity, as smaller particles are expected to
affect 𝐾𝑠𝑎𝑡 much more than larger ones. Thus, they developed an empirical relationship to
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determine the hydraulic conductivity values based on the intercept and the slope of that
straight line as:
𝐾𝑠𝑎𝑡 ∝ [𝐼0 + 0.025(𝐷50 − 𝐷10 )]

(2.6)

where I0 represents the intercept of the straight line and the term 0.025(𝐷50 – 𝐷10 ) is given by
its slope. By plotting hydraulic conductivity versus the term [𝐼0 + 0.025(𝐷50 − 𝐷10 )] on a
logarithmic graph, they observed a straight line, indicating a power relationship between 𝐾𝑠𝑎𝑡
and [𝐼0 + 0.025(𝐷50 − 𝐷10 )] which yielded Equation (2.7):
𝐾𝑠𝑎𝑡 = 1300[𝐼0 + 0.025(𝐷50 − 𝐷10 )]²

(2.7)

where 𝐾𝑠𝑎𝑡 is measured in m/day, Io is the intercept (in mm) of the line formed by 𝐷50 and
𝐷10 with the grain-size axis, 𝐷10 , the effective grain diameter (mm), is the particle diameter
for which 10% of the sample mass is smaller and 90% of the sample mass is larger, and 𝐷50
is the median grain diameter (mm).
Odong (2008) later computed hydraulic conductivity values for four different
sediment samples using the empirical relationship provided by Alyamani & Şen (1993),
along with six other empirical methods, and found that the method is very sensitive to the
shape of the curve, which increases the chance of misestimating 𝐾𝑠𝑎𝑡 values. He found that
the best estimate of 𝐾𝑠𝑎𝑡 was provided by the Kozeny-Carman empirical relationship which
was originally proposed by Kozeny (1927) and later modified by Carman (1937, 1956) as
shown in Equation (2.8):
𝐾𝑠𝑎𝑡

𝑔
𝑛3
−3
= ∙ 8.3 ∙ 10 [
] 𝐷10 2
2
(1
𝜗
− 𝑛)

(2.8)

where 𝑔 is acceleration due to gravity, 𝜗 is the kinematic viscosity, and 𝑛 is the porosity.
Kalbus et al. (2006) stressed that since the natural structure and stratification of the
samples are completely destroyed when determining their grain size-distribution, the 𝐾𝑠𝑎𝑡
values obtained from these empirical methods are representative of neither the horizontal nor
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vertical hydraulic conductivity; they describe the overall hydraulic properties of the sample
and can only be taken as a preliminary estimate to guide the application of more detailed
methods such as pumping or slug tests.
Slug tests
Slug tests are one of the most useful and widely used methods to measure the
hydraulic properties of aquifers. They involve inserting or removing a solid or a pneumatic
“slug” into a well, causing a sudden change in water level inside the well. The water level is
measured through time as it returns to its static level, and these data are then used to estimate
the hydraulic conductivity. The slug test has an implementation advantage over any pumping
test in that it does not require observation wells.
Slug tests on fully or partially penetrating wells
Method by Hvorslev
Hvorslev (1951) studied in detail the use of standpipe piezometers for computing
saturated hydraulic conductivity. He theorized that at any time, the rate of flow 𝑄 from the
screen of the piezometers, at a given head 𝐻, is proportional to the saturated hydraulic
conductivity of the aquifer medium (𝐾𝑠𝑎𝑡 ), and depends on the shape factor of the piezometer
(F) which is a characteristic of the piezometer dimensions (Figure 4), as shown in Equation
(2.9):
𝑄 = 𝐹 𝐾𝑠𝑎𝑡 𝐻

(2.9)

He then derived the basic equation for determining the hydrostatic time lag TL, the
time required for the initial pressure change induced by the injection or extraction to
dissipate, as shown in Equation (2.10), under assumptions that:
i) Darcy’s law is valid, and water and soil are both incompressible;
ii) The flow required for pressure equalization does not cause any perceptible drawdown of the surrounding groundwater level.
10

𝜋 𝑟2
𝑇𝐿 =
𝐹 𝐾𝑠𝑎𝑡

(2.10)

where r is the internal radius of the piezometer.

Figure 4: Standpipe permeameter for measurement of 𝐾𝑠𝑎𝑡 (Hvorslev, 1951).
Based on the above equations he put forth Equation (2.11) for estimating hydraulic
conductivity, which is directly related to the shape factor, F, of the standpipe permeameter:
𝐾𝑠𝑎𝑡 =

𝐴
𝐻1
ln
𝐹 (𝑡2 − 𝑡1 ) 𝐻2

(2.11)

where H1 and H2 are the heads corresponding to times t1 and t2. Hvorslev (1951) evaluated
many cases of common piezometers and gave formulas for computing their shape factors, F.
The simplified formula for the most common case of an open-ended standpipe piezometer,
when the screen is completely extended in an unconfined aquifer is given as:
𝐹=

2𝜋𝐿
𝐿
𝐿 2
𝑙𝑛 [𝐷 + √1 + (𝐷) ]

(2.12)

where 𝐿 is the length of the piezometer screen, and 𝐷 is the diameter of the piezometer.
11

Bouwer and Rice method
Bouwer & Rice (1976) proposed a slug test to determine the saturated hydraulic
conductivity of unconfined aquifers. The method involves suddenly lowering the water level
in a well by inserting a slug, allowing the water level to reach static level, and then quickly
removing it while recording the fall of head in the well with time. Thiem’s equation was used
to relate the rate of flow of water into the well (Q) to the lowered level of water inside the
well (y) (Figure 5):
𝑄 = 2 𝜋 𝐾𝑠𝑎𝑡 𝐿

𝑦
𝑅
ln ( 𝑟 𝑒 )
𝑤

(2.13)

Figure 5 Geometry and symbols in a partially penetrating, partially perforated well in
unconfined aquifer’ with a gravel pack around the perforated section, to prevent formation
sand from entering the well (Bouwer & Rice, 1976).
where L is the length of the portion of the well through which water enters (length of the
screen), Re is the effective radius over which the head y is dissipated, and rw is the horizontal
distance from the center of the well screen (which is typically surrounded by a coarse gravel
pack) to the original aquifer (or the end of the gravel pack). This equation is based on the
following assumptions:
i)

Drawdown of the water table around the well is negligible

ii)

Flow above the water table (in the capillary fringe) can be ignored
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iii)

Head loss as water enters the well is negligible

iv)

The aquifer is homogeneous and isotropic

Then, Bouwer & Rice (1976) calculated the saturated hydraulic conductivity using Equation
(2.14):

𝐾𝑠𝑎𝑡

𝑅
𝑟𝑐 2 ln ( 𝑟 𝑒 ) 1
𝑦0
𝑤
=
ln ( )
2𝐿
𝑡
𝑦𝑡

(2.14)

where 𝑟𝑐 is the internal radius of the well, 𝑦0 and 𝑦𝑡 are the head inside the well at time 0 and
𝑡 respectively.
1

𝑦

The value of 𝑡 ln ( 𝑦0 ) is determined by plotting the intermediate values of y and t on
𝑡

semi-logarithmic paper and measuring the slope of the graph. The values of Re were
determined with electrical resistance network analogs for different values of rw, L, H and D.
A network of nodes spaced equidistantly with depth but more sparsely with radial distance
from the well was measured for different values of H/L ranging from 0 to 1. Then, results of
their analyses to evaluate Re for various geometries were expressed in terms of the
𝑅

dimensionless ratio ln (𝑟 𝑒 ), which was observed to follow the two equations given below:
𝑤

𝑅𝑒

ln (𝑟 ) = (
𝑤

1.1
ln(

𝐷
)
𝑟𝑤

−

𝐴+𝐵 ln(

𝐷−𝐻
)
𝑟𝑤

𝐿
( 𝑒)

−1

(2.15)

) , for D >> H

𝑟𝑤

−1
𝑅𝑒

ln ( ) = (
𝑟𝑤

1.1
ln(

𝐷
)
𝑟𝑤

−

𝐶

𝐿 )
( 𝑒)

(2.16)

, for D = H

𝑟𝑤

The dimensionless parameters A, B and C in Equations (2.15) and (2.16) were plotted
𝐿

as a function of 𝑟 𝑒 as shown in Figure 6:
𝑤
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Figure 6 Curves relating parameters A, B and C to Le/Rw (Bouwer & Rice, 1976).
Slug tests on minipiezometers
Method by Baxter et al.
Baxter et al. (2003) developed an inexpensive method for installing PVC
minipiezometers in sites with remote access, where transportation of complicated instruments
is neither possible nor financially feasible. The entire installation unit consists of an outer
casing, a pointed driver rod that fits inside the casing, the minipiezometer, and a hammer cap,
along with a sledgehammer to drive the minipiezometer into the streambed. Baxter et al.
(2003) also derived an alternate equation to estimate hydraulic conductivity for situations
when the streambed hydraulic conductivity is so high that the available equations by Bouwer
& Rice (1976) and Hvorslev (1951) become inapplicable, due to the difficulty in getting
multiple water level readings during a falling head test. The derived equation is based on the
piezometer dimensions, an estimate of the time water levels take to reach the static level, and
a mass balance between the water level change in the minipiezometer and water leaving from
the screened portion of the minipiezometer. The final expression for estimating saturated
hydraulic conductivity in the radial (horizontal) direction is given in Equation (2.17):
14

𝐾𝑠𝑎𝑡

(𝐿𝑠 )(0.7854)(𝑑𝑝𝑖𝑒𝑧𝑜𝑚𝑒𝑡𝑒𝑟 )2
ℎ0
=[
] [log 𝑒 ]
𝜋(𝑑𝑝𝑒𝑟𝑓𝑜𝑟𝑎𝑡𝑒𝑑 𝑖𝑛𝑡𝑒𝑟𝑣𝑎𝑙 )(𝐿𝑝 )(∆𝑡)
ℎ

(2.17)

where 𝐿𝑠 is the distance travelled by the “slug” into the sediments which is similar to Re as
described by Bouwer and Rice (1976), 𝐿𝑝 is the length of the perforated portion of the pipe
(i.e., the “screen” length), 𝑑𝑝𝑖𝑒𝑧𝑜𝑚𝑒𝑡𝑒𝑟 is the diameter of the piezometer, 𝑑𝑝𝑒𝑟𝑓𝑜𝑟𝑎𝑡𝑒𝑑 𝑖𝑛𝑡𝑒𝑟𝑣𝑎𝑙
is the diameter of the perforated portion of the piezometer, ℎ0 is the initial head, and h is the
head after passage of time ∆𝑡. Equation (2.17) reduces to Equation (2.18) if Ls = Lp and
𝑑𝑝𝑖𝑒𝑧𝑜𝑚𝑒𝑡𝑒𝑟 = 𝑑𝑝𝑒𝑟𝑓𝑜𝑟𝑎𝑡𝑒𝑑 𝑖𝑛𝑡𝑒𝑟𝑣𝑎𝑙 .
(0.2501)(𝑑𝑝𝑖𝑒𝑧𝑜𝑚𝑒𝑡𝑒𝑟 )
ℎ0
𝐾𝑠𝑎𝑡 = [
] [ln ]
(∆𝑡)
ℎ

(2.18)

Method by Fritz
Fritz et al. (2016) conducted slug tests using CPVC minipiezometers (0.635 cm outer
diameter and 0.43 cm internal diameter) with a stainless-steel screen mesh by driving them at
different depths into the riverbed. A pneumatic assembly consisting of a pressure sensor
attached to the minipiezometers through a T-fitting along with a pair of valves, is used to
conduct the slug test. A battery powered air compressor provides the pneumatic pressure for
lowering the water column. The assembly of the minipiezometer along with the compressor
and the pressure sensor is shown in Figure 7. The test is initiated by opening the air-line valve
connected to the compressor and depressing the water level in the minipiezometer, assuring
that it does not go below the pressure sensor. The air-line valve is then closed and pressure
inside the minipiezometer is allowed to stabilize. The release valve is then opened quickly,
and the water level is allowed to rise to the static level while the data logger records the
pressure readings. Fritz et al. (2016) carried out multiple slug tests and then used the average
normalized response for the determination of saturated hydraulic conductivity. They used
available methods like the Bouwer and Rice straight line method (Bouwer & Rice, 1976;
Bouwer, 1989), the Springer and Gelhar (1991) high-K Bouwer and Rice inertial solution,
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and a KGS type-curve model (Hyder et al.,1994) to analyze the slug test data. They also
incorporated the frictional losses in the small diameter tubing using the correction of Butler
(2002). To study if the effect of frictional losses in the piezometer tubing might dominate
observations in formations with high values of 𝐾𝑠𝑎𝑡 , Fritz et al. (2016) conducted a series of
slug tests in the laboratory, in a water-filled sink, where there would be no resistance due to
the sediment. They found that the response in the lab was similar to that in the formation with
high 𝐾𝑠𝑎𝑡 , as observed in the field, and thus concluded that the method might not be reliable
in formations with high 𝐾𝑠𝑎𝑡 (on the order 1 × 10−3 cm/s or above), when the response time
(time to reach static condition after the initiation of the test) is less than 10 s, even after
applying Butler’s (2002) frictional loss correction.

Figure 7 Assembly for slug test in minipiezometers (Fritz et al., 2016).
Since it is very difficult to drive large-diameter piezometers in tighter formations, this
method gives a very useful approximation of 𝐾𝑠𝑎𝑡 in such cases, which are likely to have low
𝐾𝑠𝑎𝑡 , making this technique relevant.
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Miscellaneous methods
Cardenas and Zlotnik constant-head injection method
Cardenas & Zlotnik (2003) introduced a relatively easy procedure for conducting a
constant head injection test using small-diameter piezometers corresponding to screened
drive points that are manually driven into the streambed (Figure 8).

Figure 8 Schematic diagram of constant head injection test (Cardenas & Zlotnik, 2003).
The test uses a screened drive point that is attached to a galvanized steel pipe and is
driven into the streambed to the desired depth, as shown in Figure 8. Water is injected into
the pipe from a graduated carboy and the flow rate is adjusted to maintain a constant head
above the stream stage, which is measured manually. The discharge rate into the aquifer (Q)
is calculated by measuring the change in the water volume in the carboy with time. Q is then
related to the hydraulic head distribution using Equation (2.19) (Cardenas & Zlotnik, 2003):
𝑙+𝐿

𝑄 = 2 𝜋 𝑟𝑤 𝐾𝑟 ∫
𝑙

𝜕ℎ(𝑟𝑤 , 𝑧)
𝑑𝑧
𝜕𝑟

(2.19)
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where 𝐾𝑟 is the saturated hydraulic conductivity of the medium in the radial direction, rw is
the radius of the screened portion of the pipe, and h(rw,z) is the hydraulic head in cartesian
coordinates (r,z) with origin (z = 0, r = 0) at the center of the piezometer and at the streambed
surface.
Cardenas and Zlotnik (2003) reduced Equation (2.19) to a simpler form, assuming a
linear relationship between Q and y, which they later verified using test data:
𝐾𝑠𝑎𝑡 =

𝑄
2𝜋𝐿𝑃𝑦

(2.20)

where the shape factor, P, was calculated using Bouwer and Rice’s (1976) method, with
Equation (2.15) for isotropic conditions (Cardenas & Zlotnik, 2003).
Method by Cooper
Ferris et al. (1962) introduced a method for fully penetrating piezometers in
unconfined aquifers. They assumed the well is a line source and provided the solution for
determining the transmissivity of an aquifer (𝑇), which is 𝐾𝑠𝑎𝑡 times the thickness of the
aquifer, from water level observations after instantaneous injection of water into the well
(Equation (2.21)). In contrast to Hvorslev (1951), this method considers aquifer storage (𝑆)
in relating flow rate through the piezometers to the aquifer conductivity and as shown in
Equation (2.21) .
−𝑟𝑠 2 𝑆⁄
𝑉
4𝑇𝑡
𝐻=(
)𝑒
4𝜋 𝑇 𝑡

(2.21)

where 𝐻 is the head of water in the well at time 𝑡, 𝑟𝑠 is the effective radius (Jacob, 1947) of
the screen, 𝑉 is the volume of water injected, and 𝑡 is the time since instantaneous injection.
Bredehoeft et al. (1966) analyzed the solution using electric analog models of the
well-aquifer system and demonstrated that it only provides satisfactory results after
significant passage of time and for very small values of H/H0 (where H0 is the initial head in
the well).
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Taking this into consideration, Cooper et al. (1967) provided exact solutions to
compute the head in and around a well of finite diameter (ℎ), after instantaneous injection of
a known volume of water into the well (Figure 9):

Figure 9 Idealized representation of a well into which a volume of water is suddenly injected
(Cooper et al., 1967).

Figure 10 Type curves for instantaneous charge in wells of finite diameter (Cooper et al.,
1967).
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They plotted a family of curves (Figure 10) for different values of parameter
𝑟2

α (= 𝑟𝑠 2 𝑆) on semi-logarithmic axes. This allows for the determination of the time
𝑐

parameter 𝑇 𝑡/𝑟𝑐 2 . Thus, by recording the head in the well at any given time after
instantaneous injection of water, transmissivity, and thus the hydraulic conductivity of the
aquifer, can be computed (𝐾𝑠𝑎𝑡 = T / b, where b is the thickness of the aquifer).
Chen standpipe permeameter method
Chen (2000) described a method that employs L-shaped standpipes directly driven
into streambeds for the measurement of saturated hydraulic conductivity in horizontal (Kh),
vertical (Kv) and oblique (Ks) directions. Since both the horizontal and vertical hydraulic
conductivities play significant roles in surface water and groundwater exchanges, and they
are found to vary over one or two orders of magnitude, Chen (2000) provided methods to
calculate conductivity in any direction. The principle is very similar to the permeameter
method described by Hvorslev (1951), but Chen’s method has the advantage that it can
provide better estimates of 𝐾𝑠𝑎𝑡 values without any assumptions regarding isotropy. The
method uses a standpipe that is either vertical or bent at a specific angle (shown in Figure 11),
where the lower part of the pipe is pressed into the streambed and is filled with
unconsolidated sediment. Water is poured into the pipe and the fall in the water level inside
the pipe is measured through time. Depending upon the bend of the standpipe, hydraulic
conductivity values in the respective direction are calculated using Equation (2.22):
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Figure 11 Measurement of streambed hydraulic conductivity along a. vertical, b. horizontal,
and c. oblique directions (Chen, 2000).
𝐾𝑠 = (𝑡

𝐿

(2.22)

2 −𝑡1 ) ln(ℎ1 /ℎ2 )

where Ks is the saturated hydraulic conductivity in the respective direction, L is the thickness
of the measured streambed in the pipe (along the respective direction) and h1 and h2 are the
heads measured at times t1 and t2, respectively.

Conclusion
In this chapter, the different methods for measuring the saturated hydraulic
conductivity of porous media were discussed. Although laboratory methods can potentially
give accurate measurements of 𝐾𝑠𝑎𝑡 , collecting samples in the field and transferring them to
the lab introduces disturbance due to the rearrangement of the particles, and can be costly and
time consuming. Thus, even though lab measurements can be a valuable tool to estimate
𝐾𝑠𝑎𝑡 , they are not suitable for characterization of a river system, where hundreds of
measurements are necessary, due to the large spatial variability. In this case, in-situ methods
are the only suitable option. However, most such methods require costly construction of
wells, while conducting pumping tests involves bringing sophisticated instrumentation like a
truck-mounted geo-probe, which is not always possible. Therefore, slug tests or injection
tests on minipiezometers seem to be a preferable method for estimating 𝐾𝑠𝑎𝑡 when a large
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number of measurements is essential. PVC minipiezometers have an advantage over other
types of minipiezometers, like the drive point minipiezometer suggested by Cardenas Zlotnik
(2003) or the setup proposed by Fritz et al. (2016), in that they are already being widely used
in hyporheic research for measuring water levels, sampling water quality and also for
biological sampling (e.g., hyporheic invertebrates). Also, since PVC minipiezometers are
very inexpensive, they can be driven and then left in the field so that 𝐾𝑠𝑎𝑡 can be
continuously measured over time, to capture its temporal variability. Slug tests for measuring
𝐾𝑠𝑎𝑡 require recording the rate of rise of the water level inside the piezometer or well, which
may not always be possible in PVC minipiezometers, as they are not transparent and
sometimes the water level is below the ground surface. Also, maintaining a constant head in
the field for constant head injection tests as suggested by Cardenas and Zlotnik (2003) adds
complexity to the measurement. Therefore, conducting a “quasi-constant head” injection test
where the fall in head is very small compared to the injection head (h << h; usually h is in
the order of few centimeters and h is in the order of a meter) as shown in Figure 12 is
suggested. The constant head of injection (y: y1 > y > y2) can be computed using Equation
(2.23):

𝑦=

𝑦1 −𝑦2
𝑦
𝑙𝑛 1

(2.23)

𝑦2
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Figure 12 A quasi-constant head injection test (Cisternas, 2011).
Four different equations were found in the literature that can be used to estimate 𝐾𝑠𝑎𝑡
from data obtained with tests conducted on minipiezometers. Two of these equations, by
Cardenas and Zlotnik (2003) and Bouwer & Rice (1976), are based on Thiem’s expression
(Equation (2.13)). Bouwer & Rice (1976) had initially used an electrical resistance network
analog to study the effects of different parameters like the radius of the piezometer (rw),
length of the screen (L), depth of the screen measured from the water surface level (H), and
depth of the impermeable boundary measured from the water surface level (D) (see Figure 5)
on the effective radius (Re, the distance over which the injection head or depression head
dissipates). This was then used to develop equations for slug tests conducted on conventional
piezometers or wells. This method was also later evaluated by Brown et al. (1995), who
concluded that it yielded better shape factors as compared to those given by Hvorslev (1951).
Cardenas and Zlotnik (2003) adopted the same model to compute shape factors for their
“screened drive points”; their methods have not been evaluated independently. On the other
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hand, Hvorslev (1951) method is based on Darcy’s law, while Baxter et al. (2003) used a
mass balance to develop a method which they recommend for formations with high 𝐾𝑠𝑎𝑡 ,
where Bouwer and Rice’s method cannot be applied.
The current issue is that the methods developed by Hvorslev (1951) and Bouwer and
Rice (1976) for conventional piezometers and wells are being used by many authors to
analyze injection and slug test data conducted on PVC minipiezometers. No validation effort
has been conducted so far to test how applicable such methods are for computing 𝐾𝑠𝑎𝑡 of a
wide range of porous media using PVC minipiezometers. Also, unlike conventional wells,
whose screens consist of continuous, closely-spaced rows of slots, the screens in these PVC
minipiezometers are made up of a limited number of rather small-diameter holes. Precise
specifications or recommendations about the number, size, and disposition of the holes in
PVC minipiezometer screens are lacking in the literature.
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3 METHODOLOGY
Introduction
This chapter describes the construction of the laboratory apparatus, the setup of the
quasi-constant head injection experiments, and the collection of data using the apparatus as a
permeameter. The chapter is divided into four sections: the first describes the preparation of
the test materials to be analyzed, the second details the construction of the apparatus and
calculation of the “true” saturated hydraulic conductivity (𝐾𝑠𝑎𝑡 ) of the materials to be
analyzed using it as a permeameter, the third presents the construction of the PVC
minipiezometers and the effects that different screen parameters have on the discharge, and
the final describes the setup of the quasi-constant head injection tests using PVC
minipiezometers, and estimation of 𝐾𝑠𝑎𝑡 using this data.

Preparation of the test materials and their characterization
Six different samples of sand covering a range of 𝐾𝑠𝑎𝑡 values (0.03 cm/s to 50 cm/s,
as measured retrospectively) were prepared for analyses. The first sand (hereafter described
as Test Material 1) was obtained from a point bar on the Wolf River (immediately
downstream of the Collierville-Arlington Road bridge), the second sand (Test Material 2)
was playground sand bought from a local Lowe’s store, the third, fourth and fifth samples of
sand (Test Materials 3, 4, and 5, respectively) were sieved out from washed concrete sand
bought from a local sand quarry using standard ASTM sieves, collecting the sediment
retained between sieves number 30 and 16, 16 and 8, and 8 and 4, respectively. The final
sample (Test Material 6) was pea-gravel, also bought from a local Lowe’s store.
For the proper characterization of these test materials, sieve analyses were carried out
in accordance with ASTM D6913 for Test Materials 1, 2 and 6. This was not necessary for
Test Materials 3, 4 and 5, as these were obtained using standard ASTM sieves. The specific
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gravity of the materials was determined following the procedures described in ASTM C128.
Porosity of the different materials was then determined by filling a container of known
volume and weighing it.

Laboratory apparatus
Construction of the apparatus
A large-scale laboratory apparatus, able to function as a permeameter and also to
simulate field injection tests, was built in the Herff College of Engineering Shop, using 0.5”
thick acrylic sheet (Figure 13). This equipment allows for both (a) measuring the “true” value
of the saturated hydraulic conductivity of the sample, working as a constant head
permeameter, and (b) simulating the field method of quasi-constant head injection
experiments on PVC minipiezometers, without disturbing the sample. Thus, it can be used to
compare both methods.
The apparatus consists of three parts: the inflow Column, A, of cross section 12” ×
16”, the outflow Column, C, of similar cross section, and a 16” wide × 12” tall × 42” long
measurement section, Test Section B, which contains the test material between two screens,
as shown in Figure 13. The screens consist of nylon mesh, to impede particles from exiting
the section, and a steel mesh that supports the net material. The top lid of Test Section B is
removable and is locked in place by means of 32 screw nuts; it includes three holes through
which the PVC minipiezometers can pass. At the bottom of the test section, directly below
the holes in the top lid, three threaded holders are built, into which the minipiezometers can
be screwed and held in place, as shown in Figure 14. At the beginning of Section B is an 9”
long connector section that contains a honey-comb structure used to streamline the flow
coming from Column A as it enters Test Section B. The outlet, Column C, has a cutout on
one side of the top, with a spillway that facilitates collecting and measuring the outflow
volume, as shown in Figure 15.
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Figure 13 Laboratory apparatus to be used as constant head permeameter and for water
injection tests. Fig (a) shows the top view and front view of the apparatus. Fig (b) shows the
apparatus with top lid opened to reveal the screens.
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Figure 14 Receptacles at the base of the test section of the apparatus (circled in red) which
are used to hold the minipiezometers in place.

Crest level of spillway

Figure 15 Outflow spillway showing its crest level
A zero level mark was etched into the inflow Column A, by very accurately
transferring the crest level of the spillway in the outflow column. This was done by setting up
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a high accuracy auto level at a convenient distance away from the apparatus. The level
difference between the crest of the spillway in the outflow column and zero-level mark in the
inflow column is within ± 0.1 mm. From this zero-level mark, four perfectly horizontal slots
are drilled on the side of Column A, at 10 cm intervals, starting at the zero-level mark, as
shown in Figure 16. These slots can be left opened or closed, and are used to maintain a
constant head difference of 10 cm (or 20 cm, or 30 cm) between the water stages in Column
A and Column C. When a lower head difference is desired (< 10 cm), water is injected at a
constant rate into Column A. The constant inflow rate was achieved by using a reservoir,
which dampens any fluctuation in flow rate coming out of the laboratory tap water and
provides a constant flow through the orifice at the bottom of the reservoir.

”

Figure 16 (a) Outflow slots in Column A that are used to keep the head difference constant at
different known levels. Figure (b) Column A with bottom slot closed and top three slots left
open.
Before the beginning of an experiment, the top lid of Section B is removed, the three
minipiezometers are screwed into the holders, and the test material is carefully poured under
water, ensuring no macropores are allowed to form. However, no compaction is carried out;
the sample is simply allowed to settle under water while occasionally stirring it. The
apparatus is carefully filled to the top, leaving about a 0.1” clearance. The test material is
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then covered with a closed-cell foam of thickness 0.25” and the lid is securely tightened in
place. Care must be taken that the lid tightly compresses against the foam, thus ensuring no
preferential flow paths can develop at the sample top during experimentation. Further, two
blockers are also placed on top, spanning the entire width of the section, as shown in Figure
17.
Water is injected in Column A, where the slots are closed/opened to keep a constant
head at the desired level in the column. Water then passes through a honeycomb structure to
streamline the flow before it enters Test Section B. Water flows through the medium in Test
Section B and then moves into Column C before finally outflowing over the spillway as
schematized in Figure 18.

Figure 17 Blockers placed at the top to impede any preferential flow.

Figure 18 Schematic representation of water flow in the permeameter
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Data collection
Once the desired head difference is achieved between Columns A and C, the flow is
allowed to reach steady-state, which typically takes around 15 to 20 minutes. To collect the
water filtered through the test material, a bucket whose initial weight is recorded with a
precision of 0.1 g is used. The volumetric flow rate is obtained by recording the weight of
water collected and the elapsed time. The volume of water is calculated using a density vs.
temperature table (ANNEX). This measurement is repeated until three consistent values of
volumetric flow rate (𝑄) are obtained. Then, the head difference between the two columns is
changed, and the procedure is repeated. Data are taken for at least three different heads until a
linear plot between 𝑄 and head difference (ℎ) is obtained, passing through the origin, which
ensures the flow is laminar, and thus validates the use of Darcy’s law. The Reynolds number
was also computed using Equation (2.3), for each test.
The temperature of the water flowing through the sand is recorded using a
thermometer, as the kinematic viscosity of the fluid changes with temperature, affecting the
value of 𝐾𝑠𝑎𝑡 . The calculated saturated hydraulic conductivity of the test material at
temperature 𝑇 (𝐾𝑇 ) is then converted to 𝐾𝑠𝑎𝑡 at room temperature (𝐾20 ) using Equation (3.1)
so that the effect of temperature can be normalized and comparisons can be made:
𝐾20 = 𝐾𝑇

𝜗𝑇
𝜗20

(3.1)

where 𝜗𝑇 is the kinematic viscosity of water at temperature T °C.

Injection tests in PVC minipiezometers
The PVC minipiezometers used in our injection tests are as described by Baxter et al.
(2003), a design commonly used to measure hydraulic head at shallow depths in geologic
materials that are saturated under positive pressure (Lee & Cherry, 1979). Their screen is
made by drilling holes over a certain length, at a given spacing, through which water can
enter or exit the pipe. We are using this type of PVC minipiezometer as if they were driven
31

into a riverbed, recording the flow rate through them and relating it to the 𝐾𝑠𝑎𝑡 of the
sediment by using the different equations that are available in the literature.
Design and construction of the minipiezometers
We built two different types of PVC minipiezometer to meet the goals of this study.
First, to evaluate the effects that the screen parameters have on the flow through the wells,
and second, obviously, for use in the permeameter apparatus, in order to compare “true”
values of 𝐾𝑠𝑎𝑡 obtained with the constant head permeameter with those obtained from
minipiezometer measurements. Again, it should be noted that these are not continuously
slotted screens. as typically used in large wells, but are “screens” made up of a collection of
holes drilled along a certain length of the PVC pipe.
For studying the effects of the screen
Because we wanted to ascertain the importance of screen parameters on discharge
through the minipiezometers without having to repeat the full apparatus experiments for each
case, we designed a preliminary experiment to study the effects that different screen
parameters (like screen length, total area of holes, diameter of the holes, spacing between the
holes, etc.) have on discharge. For this, we used ½” nominal diameter pipe (SDR 13.5 PVC
pipe with OD = 0.840”, ID = 0.716”, wall thickness=0.062”).
Fourteen different minipiezometers were built to study the effect of the screen
parameters, as listed in Table 1. Each pipe was plugged at the bottom to ensure that all the
water came out through the screen, as is the case when this type of minipiezometer is used in
the field. The screen was then wrapped with a nylon mesh netting to ensure no sediment
entered the minipiezometers.
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Table 1: Minipiezometers used for studying the effects of screen parameters and distances H
(distance to minipiezometer screen) and D (distance to impermeable boundary) on flow rates
Pipe
No.
1
2
3
4
5
6
7
8
10
11
12
13
14

Dia. of
holes
(inches)

9/64

5/32
5/64
3/16
3/32
9/64

No.
of
holes
30
30
30
36
42
48
54
30
12
48
12
48
30

No. of No. of
columns rows

6

4
6
4
6
6

6
6
6
7
8
9
10
6
3
8
3
8
5

Total area
of holes
(cm2)
3.01
3.61
4.21
4.81
5.41
3.01
1.48
2.14
3.01

Screen
length
(cm)
5
7.5

Nominal
Pipe
diameter

Pipe
length

1/2 inch

45 cm

10

20
5
5
20
20
7.5

84 cm

For use in the permeameter apparatus
The three minipiezometers (hereafter named minipiezometers A, B, and C) used in the
permeability apparatus for the purpose of validating the available equations and, if necessary,
establishing new relations between Q and 𝐾𝑠𝑎𝑡 , were built from PVC of nominal diameter ¾”
(Schedule 40 PVC pipe, with OD = 1.050” and ID = 0.804”). In each, 30 holes, 9/64” in
diameter, were drilled over a length of 5 cm of pipe (the screen length) such that there were
six equidistant lines of holes along the circumference of the pipe (one every 60°), with five
holes each. These minipiezometers were built such that when placed into the apparatus, the
center of their screen lies at the center of Test Section B (i.e., 6” from the bottom). As
explained in a previous section, the ends of these pipes are threaded (Figure 19) so that they
can be screwed into the holders at the base of the test section, ensuring verticality, and thus
perpendicularity to the flow.
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Figure 19 Minipiezometers A, B and C showing their threaded ends.
Experimental setup
Injection tests using the PVC minipiezometers were conducted in two separate
experiments, for different purposes. Bucket experiments were used to study the effect that
different screen parameters (like screen length, total area of holes, diameter of holes, spacing
between holes, etc.) as well as lengths H and D (representing the distance from the water
table to well bottom and to the impermeable boundary, respectively; refer to Figure 5) have
on discharge through the minipiezometers. Injection tests were also conducted in the
laboratory apparatus to estimate saturated hydraulic conductivity according to the different
equations available in the literature, and then compare to the “true” 𝐾𝑠𝑎𝑡 values as obtained
using the apparatus as a large-scale permeameter.
Bucket experiments
Two different buckets were used: one of dimensions 45 cm in height and 28 cm in
diameter, for studying the effects of screen parameters, and another of dimensions 75 cm in
height and 37 cm in diameter, for studying the effect of distances H and D on flow rates. The
experimental setup is schematized in Figure 20. A rectangular tank of dimensions 40 cm × 42
cm × 45 cm was built using the same 0.5” acrylic sheet utilized for the laboratory apparatus.
A ¾” hole drilled at the bottom of the tank was connected to a ¾” diameter hose through a
stop valve; the large diameter was chosen to minimize head loses through the system. A PVC
coupling was then used to connect this hose to the ½” nominal diameter minipiezometers.
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In each experiment, the reservoir tank is placed 90 cm above the floor on which the
bucket lied. One of the 14 minipiezometers was centrally placed in the bucket and then the
bucket was carefully filled with test material to a height of 30 cm in a similar process as that
described for the test section of the laboratory apparatus. Since this experiment was designed
to elucidate the effects of different screen parameters, only one type of material (Test
Material 3) was used in all experiments. Due to the large head (65 cm < H < 85 cm),
replicating the values typically used in the field, the sand in the bucket boiled during some of
the experiments. To prevent this, a nylon mesh was placed over the sand surface and a layer
of gravel about 4 cm thick was then placed on top as shown in Figure 20 (b). This coarse
material did not add head loss to the experiment but was heavy enough to impede sand
boiling.

Figure 20 Schematic representation of the bucket experiment.
Injection tests using permeameter apparatus
A similar setup as that described in the bucket experiment is used for supplying water
in the case of these tests. The reservoir tank is placed at the same vertical distance from the
base of the permeameter apparatus, and the hose from the tank is connected in turn to
minipiezometer A, B or C by use of a PVC coupling. The slot at the zero-level mark in
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Column A of the apparatus is left open, so that the water that is being injected into the
minipiezometer can flow out in all directions; in this way, a water table at constant level is
maintained in the apparatus (but for the local mounding that could occur near the
minipiezometer). Water flows from the tank into the minipiezometers, comes out of the
minipiezometer screen, moves through the medium in Test Section B, and then outflows from
both the slot in Column A and the spillway in Column C as schematized in Figure 21.

Figure 21 Schematic representation of flow of water during injection experiment in the
permeameter
Data collection
Bucket experiments
Before the beginning of the experiment, the bucket must be completely filled with
water. The reservoir tank is also filled with water and the stop valve of the hose is opened
completely. Water is allowed to flow out from the hose for a couple of seconds, to eject any
air bubbles, and then the hose coupling is quickly connected to the minipiezometer. This is
done to ensure that no air is forced into the minipiezometer. As the water level in the
reservoir tank falls, timing is started when the dropping head is exactly at the 85 cm, and is
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recorded again every 5 cm of drop using a stopwatch. Four different times are then recorded
at heads of 80, 75, 70, and 65 cm. The corresponding constant head (𝑦) for each one of the
four ranges of falling head is then computed using Equation (2.23). The experiment is
repeated until two consistent readings of flow rate are observed for each head. In addition, the
temperature of the water is recorded so that the effect of fluid density and viscosity can be
factored in, when comparing the different experiments and methods for 𝐾𝑠𝑎𝑡 estimation.
Injection tests using permeameter apparatus
Injection tests were conducted for each test material, immediately after determining
the “true” 𝐾𝑠𝑎𝑡 , using the apparatus as a large-scale permeameter. The fact that the test
material was not disturbed between the different types of tests ensures comparability of the
different approaches.
Once a permeameter test has concluded, for a given test material, water stages are at
the same elevation (the “zero-level” mark) in both Columns A and C. As in the bucket
experiments, the reservoir tank is filled with water, the stop valve is opened, and water is
allowed to flow out through the hose for a few seconds before quickly connecting it to either
minipiezometer A, B or C. Starting at a head of 85 cm, time is then recorded for every 5 cm
fall in water level in the reservoir tank (at 80, 75, 70, and 65 cm of head) and the temperature
of the water is also recorded, as described in the previous section.
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4 RESULTS
Introduction
In this chapter, we present the results achieved in the laboratory experiments. Firstly,
the data obtained from the permeameter tests are presented and the “true” value of 𝐾𝑠𝑎𝑡 at
room temperature (20°C) is calculated, for each one of the six different tested materials.
Secondly, the data collected from the injection tests with PVC minipiezometers (using the
laboratory apparatus) are used to estimate the saturated hydraulic conductivity of each tested
material, applying the different equations in the literature (as presented in Chapter 2). These
are then compared to the “true” 𝐾𝑠𝑎𝑡 values as obtained from the permeameter experiments.
The differences in 𝐾𝑠𝑎𝑡 values computed using the different equations are discussed, and
recommendations are given regarding the best equation to compute 𝐾𝑠𝑎𝑡 using data obtained
from the injection tests. Finally, the data collected from the bucket experiments are presented
and the effects of the different parameters are discussed.

Characterization of the different test materials
The sieve analyses of Test Materials 1, 2, and 6 are shown as gradation curves in
Figure 22. As mentioned earlier, sieve analyses were not performed for Materials 3, 4 and 5
as these were obtained directly using standard ASTM sieves. The porosity, specific gravity
and median particle size of the different test materials is summarized in Table 2.
Table 2 Characteristic parameters of the test materials
Test Material
1
2
3
4
5
6

D50 (mm)
0.28
0.455
0.89
1.77
2.36
4.75

Specific gravity
2.56
2.57
2.59
2.51
2.39
2.30
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Porosity
0.39
0.4
0.38
0.39
0.4
0.39

Figure 22 Gradation curves for Test Materials 1, 2, and 6.

Results from permeameter tests
The “true” 𝐾𝑠𝑎𝑡 results obtained from the large-scale permeameter tests on the
different materials, as described in Chapter 3, are presented in Table 3.
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Table 3: 𝐾𝑠𝑎𝑡 of the different test materials as computed from the permeameter data
Test Material 1
H (cm)
30.9
20.8
10.8

Q (cm3/s)
12.04
8.02
4.18

T (°C)
17.0
17.0
17.0

H (cm)
30.35
20.275
10.325

Q (cm3/s)
39.99
26.10
13.86

T (°C)
18.0
18.0
18.0

H (cm)
30.2
20.1
10.25

Q (cm3/s)
105.18
69.72
36.11

T (°C)
16.5
16.5
16.5

H (cm)
7.1
2.8
1.3
0.6

Q (cm3/s)
167.21
74.21
38.09
17.80

T (°C)
20.0
20.0
20.0
20.0

H (cm)
2.75
1.4
0.6
0.4
0.32

Q (cm3/s)
248.42
131.70
60.23
39.39
31.45

T (°C)
17.0
17.0
17.0
17.0
17.0

H (cm)
0.9
0.35
0.1

Q (cm3/s)
197.66
110.19
58.54

T (°C)
15.0
15.0
15.0

𝑲𝒔𝒂𝒕 at T (cm/s)
0.034
0.033
0.033
Test Material 2

𝑲𝒔𝒂𝒕 at T (cm/s)
0.11
0.11
0.12
Test Material 3

𝑲𝒔𝒂𝒕 at T (cm/s)
0.30
0.30
0.30
Test Material 4

𝑲𝒔𝒂𝒕 at T (cm/s)
2.03
2.29
2.53
2.56
Test Material 5

𝑲𝒔𝒂𝒕 at T (cm/s)
7.80
8.12
8.67
8.50
8.49
Test Material 6

𝑲𝒔𝒂𝒕 at 20°C
0.036
0.036
0.036

𝑲𝒔𝒂𝒕 at 20°C
0.12
0.12
0.12

𝑲𝒔𝒂𝒕 at 20°C
0.33
0.33
0.33

𝑲𝒔𝒂𝒕 at 20°C
2.03
2.29
2.53
2.56

𝑲𝒔𝒂𝒕 at 20°C
8.41
8.76
9.34
9.17
9.15

𝑲𝒔𝒂𝒕 at T (cm/s)

𝑲𝒔𝒂𝒕 at 20°C

18.9
27.1
50.4

21.5
30.8
57.3

Reynolds number
0.025
0.017
0.009
Reynolds number
0.14
0.09
0.05
Reynolds number
0.70
0.46
0.24
Reynolds number
2.22
0.98
0.51
0.24
Reynolds number
4.39
2.33
1.07
0.70
0.56
Reynolds number
7.38
4.12
2.19

For each test material, the different measured flow rates (𝑄) are plotted against the
measured head gradients (𝐻/𝐿) to test for proportionality, and hence validity of Darcy’s
law; these plots are shown in Figure 23.
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Figure 23 𝑄 vs 𝐻/𝐿 plots for the different test materials
As seen in Figure 23, all the points lie in a straight line in the case of Test Materials 1,
2, and 3, suggesting the flow was laminar in all cases. However, for Test Materials 4 and 5,
some points deviate away, as we move towards the right of the plot (higher hydraulic
gradients). In all of these cases, the Reynolds number was observed to be greater than 1. In
the case of Test Material 6, laminar flow did not occur, even at the lowest gradient tested, as
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none of the pairs of points show linearity. However, for one point (the leftmost point), the
Reynolds number was observed to be close to 1, with a corresponding 𝐾𝑠𝑎𝑡 calculated as 57.2
cm/s. Since we had observed laminar flow when the Reynolds number was 1 for Test
Materials 1 to 5, we can expect laminar flow for Test Material 6 as well, for a slightly lower
hydraulic gradient. Thus, its “true” 𝐾𝑠𝑎𝑡 is expected to be slightly greater than 57.3 cm/s. For
all the other test materials, the “true” 𝐾𝑠𝑎𝑡 was computed using the average of all the 𝐾𝑠𝑎𝑡
values for which the flow was laminar.
As can be seen in Table 2, we were able to capture a wide range of 𝐾𝑠𝑎𝑡 values over
two orders of magnitude. The 𝐾𝑠𝑎𝑡 value for Test Material 1, which is Wolf River sand, was
computed as 0.036 cm/s. This is in the same order of magnitude as previous reported values
for stream beds near the area (Pickett, 2012).

Results from injection tests
The results obtained from the injection tests in minipiezometers A, B and C, as
described in Chapter 3, are presented in Table 4. The table shows the discharge through the
minipiezometer screen for the different values of head (𝑦). As seen in the table, for all cases
except those marked with an asterisk, the discharge was always slightly higher for
Minipiezometer A, at any given head, across all test materials. For this reason, this was
attributed to some characteristic of Minipiezometer A itself (e.g., slightly larger holes), rather
than to some possible non-uniform distribution of the material along the test section of the
permeameter.
For those cells marked with an asterisk, which correspond all to Test Material 1, the
discharge was significantly less for Minipiezometer A, recurrently. Prior to the experiment
with Test Material 1, colored dye was injected in Minipiezometer A to check for the potential
occurrence of preferential flow paths. When the test section was emptied of material, after
completion of the experiments for Test Material 1, it was found that the dye had not been
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thoroughly mixed. Dye clods had clogged the sand around the screen of the minipiezometer,
which likely resulted in the low discharge rate from Minipiezometer A. The dye injection test
was only performed for Test Material 1; for all of the other tested materials, the observed
discharge rates were similar in all three minipiezometers.
Table 4: Discharge from the three test minipiezometers at different heads (𝑦)
Test Material
1
2
3
4
5
6
Test Material
1
2
3
4
5
6
Test Material
1
2
3
4
5
6
Test Material
1
2
3
4
5
6

*

Q (cm3/s) for y = 82.5 cm
Minipiezometer A Minipiezometer B
Minipiezometer C
*
39.55
87.02
85.49
156.21
144.11
142.78
217.79
215.27
210.21
378.95
372.07
365.85
440.02
429.01
428.79
454.05
438.41
437.88
Q (cm3/s) for y = 77.5 cm
Minipiezometer A Minipiezometer B
Minipiezometer C
38.11*
80.35
78.97
149.11
136.59
134.92
209.60
205.41
198.38
369.56
356.23
351.27
431.88
414.41
409.89
438.41
422.11
426.40
Q (cm3/s) for y = 72.5 cm
Minipiezometer A Minipiezometer B
Minipiezometer C
*
35.71
74.20
72.28
140.07
129.42
128.20
199.43
195.18
188.47
350.93
336.67
337.85
410.09
400.95
400.57
418.95
404.43
401.66
Q (cm3/s) for y = 67.5 cm
Minipiezometer A Minipiezometer B
Minipiezometer C
*
33.05
67.56
65.47
132.46
121.09
120.71
186.13
183.98
177.23
338.57
324.12
325.33
397.41
385.14
389.67
404.82
391.79
390.88

Measurement affected by dye clogging.
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Table 5 lists the saturated hydraulic conductivity values (𝐾𝑠𝑎𝑡 ) computed with the data
obtained from the injection tests, using the different equations available in the literature. Note
that since the head drop is measured in a rectangular tank of cross-section ‘A’, instead of a
well of circular cross section with radius rc, the term 𝑟𝑐 2 in Equation (2.14) needs to be
substituted by the term 𝐴/𝜋 for computation of 𝐾𝑠𝑎𝑡 using the Bouwer and Rice (1976)
method.
As seen in the table, the 𝐾𝑠𝑎𝑡 values computed using the Bouwer and Rice (1976) and
the Cardenas and Zlotnik (2003) methods are the same. This is because both of these are
based on Thiem’s equation and they also use the same method for computing the shape factor
of the piezometers. 𝐾𝑠𝑎𝑡 values computed by the Hvorslev (1951) and Baxter et al. (2003)
method vary somewhat from those computed by Bouwer and Rice (1976) and Cardenas and
Zlotnik (2003) method but are within the same order of magnitude.
It should be noted that the 𝐾𝑠𝑎𝑡 values computed using all of these equations only
differ from each other by some multiplication factor. This is because the shape factor for our
minipiezometers was the same throughout our experiments. As the only difference between
the equations is the shape factor, and the flow rate at a given head is the product of this shape
factor by the 𝐾𝑠𝑎𝑡 of the medium, this is the expected result. One important thing to note,
however, is that in the methods by Hvorslev (1951), Bouwer and Rice (1976), and Cardenas
and Zlotnik (2003), the piezometers have perforations that run through the entire length of the
screen, while in our minipiezometers the screen is made up of a finite number of holes. Since
𝑇𝑜𝑡𝑎𝑙 𝑎𝑟𝑒𝑎 𝑜𝑓 ℎ𝑜𝑙𝑒𝑠

water can only flow out of these holes, an effective screen length 𝐿𝑒 (= 𝑆𝑐𝑟𝑒𝑒𝑛 𝑐𝑖𝑟𝑐𝑢𝑚𝑓𝑒𝑟𝑒𝑛𝑐𝑒)
which contributes to the flow is used. This screen length assumes the entire surface area of
the effective screen length is available for water to flow out of the minipiezometers.
However, this “screen length” is still different from the “screen length” used by Hvorslev
(1951), Bouwer and Rice (1976), and Cardenas and Zlotnik (2003) method. Even in the
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slotted screen as described in these methods, the entire surface area of the screen is not
available for flow. Typically, a slotted screen has 30-35% of the total screen area available
for flow. Although screen with higher surface area while still impeding the sediment particles
from entering through the screen is preferred. Thus, computation of 𝐾𝑠𝑎𝑡 values using this
“effective screen length” does not result in actual 𝐾𝑠𝑎𝑡 values but they will all be scaled
equally. Meaning, the actual 𝐾𝑠𝑎𝑡 values, if a proper slotted screen are to be used, the actual
𝐾𝑠𝑎𝑡 values will be some scaled values of the presented 𝐾𝑠𝑎𝑡 values. This affects the
comparison with “true” 𝐾𝑠𝑎𝑡 values and also with 𝐾𝑠𝑎𝑡 computed using Baxter et al. (2003)
method. In order to improve this comparison, there needs to be further study as to how
exactly define the “screen length” for the different cases.
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Table 5: 𝐾𝑠𝑎𝑡 values (in cm/s) as computed from injection test data using various equations from the literature.
Computed 𝐾𝑠𝑎𝑡 values in cm/s for Test Material 1 (Injection Temperature=15°C)
Minipiezometer A
Measurements Hvorslev Bouwer
Baxter
at head
and Rice

Minipiezometer B
Cardenas Hvorslev Bouwer
Baxter
and
and Rice
Zlotnik

Minipiezometer C
Cardenas Hvorslev Bouwer and Baxter
and
Rice
Zlotnik

Cardenas
and
Zlotnik

85 cm - 80 cm

2.85E-02* 2.41E-02* 5.72E-02* 2.41E-02* 6.28E-02

5.29E-02

1.26E-01

5.29E-02

6.17E-02

5.20E-02

1.24E-01

5.20E-02

80 cm - 75 cm

2.93E-02* 2.47E-02* 5.87E-02* 2.47E-02* 6.17E-02

5.20E-02

1.24E-01

5.20E-02

6.06E-02

5.11E-02

1.22E-01

5.11E-02

*

6.09E-02

5.14E-02

1.22E-01

5.14E-02

5.93E-02

5.00E-02

1.19E-01

5.00E-02

70 cm - 65 cm

2.91E-02* 2.46E-02* 5.85E-02* 2.46E-02* 5.96E-02

5.02E-02

1.20E-01

5.02E-02

5.77E-02

4.87E-02

1.16E-01

4.87E-02

Average Ksat at T 2.91E-02
Ksat at 20°C

3.30E-02

*

2.45E-02
2.78E-02

*

5.83E-02

*

6.62E-02

*

2.47E-02

*

2.93E-02

*

5.88E-02

*

75 cm - 70 cm

*

2.47E-02

*

2.45E-02

*

6.12E-02

5.17E-02

1.23E-01

5.16E-02

5.98E-02

5.05E-02

1.20E-01

5.05E-02

2.78E-02

*

6.96E-02

5.87E-02

1.40E-01

5.86E-02

6.80E-02

5.73E-02

1.36E-01

5.73E-02

Computed 𝐾𝑠𝑎𝑡 values in cm/s for Test Material 2 (Injection Temperature=19°C)
Minipiezometer A
Bouwer
Baxter
and Rice

Minipiezometer C
Cardenas Hvorslev Bouwer and Baxter
and
Rice
Zlotnik

Hvorslev

85 cm - 80 cm

1.13E-01 9.50E-02 2.26E-01

9.50E-02

1.04E-01

8.77E-02

2.09E-01 8.76E-02 1.03E-01

8.69E-02

2.07E-01

8.68E-02

80 cm - 75 cm

1.15E-01 9.66E-02 2.30E-01

9.65E-02

1.05E-01

8.85E-02

2.10E-01 8.84E-02 1.04E-01

8.74E-02

2.08E-01

8.74E-02

75 cm - 70 cm

1.15E-01 9.70E-02 2.31E-01

9.69E-02

1.06E-01

8.96E-02

2.13E-01 8.96E-02 1.05E-01

8.88E-02

2.11E-01

8.87E-02

70 cm - 65 cm

1.17E-01 9.85E-02 2.34E-01

9.85E-02

1.07E-01

9.01E-02

2.14E-01 9.00E-02 1.06E-01

8.98E-02

2.14E-01

8.97E-02

Average Ksat at T 1.15E-01 9.68E-02 2.30E-01

9.67E-02

1.05E-01

8.90E-02

2.12E-01 8.89E-02 1.05E-01

8.82E-02

2.10E-01

8.82E-02

9.91E-02

1.08E-01

9.12E-02

2.17E-01 9.11E-02 1.07E-01

9.04E-02

2.15E-01

9.04E-02

Ksat at 20°C

*

1.18E-01 9.92E-02 2.36E-01

Cardenas Hvorslev
and
Zlotnik

Minipiezometer B
Bouwer
Baxter
and Rice

Measurements
at head

Measurement affected by dye clogging
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Cardenas
and
Zlotnik

Table 5 continued: 𝐾𝑠𝑎𝑡 values (in cm/s) as computed from injection test data using various equations from the literature.
Computed 𝐾𝑠𝑎𝑡 values in cm/s for Test Material 3 (Injection Temperature=16.5°C)
Minipiezometer A
Measurements Hvorslev Bouwer
Baxter
at head
and Rice

Minipiezometer B
Cardenas Hvorslev Bouwer
Baxter
and
and Rice
Zlotnik

Minipiezometer C
Cardenas Hvorslev Bouwer and Baxter
and
Rice
Zlotnik

Cardenas
and
Zlotnik

85 cm - 80 cm

1.57E-01

1.32E-01

3.15E-01

1.32E-01

1.55E-01

1.31E-01

3.12E-01

1.31E-01

1.52E-01

1.28E-01

3.04E-01

1.28E-01

80 cm - 75 cm

1.61E-01

1.36E-01

3.23E-01

1.36E-01

1.58E-01

1.33E-01

3.16E-01

1.33E-01

1.52E-01

1.28E-01

3.06E-01

1.28E-01

75 cm - 70 cm

1.64E-01

1.38E-01

3.28E-01

1.38E-01

1.60E-01

1.35E-01

3.21E-01

1.35E-01

1.55E-01

1.30E-01

3.10E-01

1.30E-01

70 cm - 65 cm

1.64E-01

1.38E-01

3.29E-01

1.38E-01

1.62E-01

1.37E-01

3.25E-01

1.37E-01

1.56E-01

1.32E-01

3.14E-01

1.32E-01

Average Ksat at T 1.61E-01

1.36E-01

3.24E-01

1.36E-01

1.59E-01

1.34E-01

3.19E-01

1.34E-01

1.54E-01

1.30E-01

3.08E-01

1.30E-01

1.49E-01

3.54E-01

1.49E-01

1.73E-01

1.46E-01

3.48E-01

1.46E-01

1.68E-01

1.42E-01

3.37E-01

1.42E-01

Ksat at 20°C

1.76E-01

Computed 𝐾𝑠𝑎𝑡 values in cm/s for Test Material 4 (Injection Temperature=19°C)
Minipiezometer A
Measurements Hvorslev Bouwer
Baxter
at head
and Rice

Minipiezometer B
Cardenas Hvorslev Bouwer
Baxter
and
and Rice
Zlotnik

Minipiezometer C
Cardenas Hvorslev Bouwer and Baxter
and
Rice
Zlotnik

Cardenas
and
Zlotnik

85 cm - 80 cm

2.73E-01

2.31E-01

5.48E-01

2.30E-01

2.68E-01

2.26E-01

5.38E-01

2.26E-01

2.64E-01

2.23E-01

5.29E-01

2.23E-01

80 cm - 75 cm

2.84E-01

2.39E-01

5.69E-01

2.39E-01

2.74E-01

2.31E-01

5.49E-01

2.31E-01

2.70E-01

2.28E-01

5.41E-01

2.27E-01

75 cm - 70 cm

2.88E-01

2.43E-01

5.78E-01

2.43E-01

2.76E-01

2.33E-01

5.54E-01

2.33E-01

2.77E-01

2.34E-01

5.56E-01

2.34E-01

70 cm - 65 cm

2.99E-01

2.52E-01

5.99E-01

2.52E-01

2.86E-01

2.41E-01

5.73E-01

2.41E-01

2.87E-01

2.42E-01

5.75E-01

2.42E-01

Average Ksat at T 2.86E-01

2.41E-01

5.74E-01

2.41E-01

2.76E-01

2.33E-01

5.54E-01

2.33E-01

2.74E-01

2.31E-01

5.51E-01

2.31E-01

2.47E-01

5.88E-01

2.47E-01

2.83E-01

2.39E-01

5.68E-01

2.39E-01

2.81E-01

2.37E-01

5.64E-01

2.37E-01

Ksat at 20°C

2.93E-01
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Table 5 continued: 𝐾𝑠𝑎𝑡 values (in cm/s) as computed from injection test data using various equations from the literature.
Computed 𝐾𝑠𝑎𝑡 values in cm/s for Test Material 5 (Injection Temperature=17°C)
Minipiezometer A
Measurements Hvorslev Bouwer
Baxter
at head
and Rice

Minipiezometer B
Cardenas Hvorslev Bouwer
Baxter
and
and Rice
Zlotnik

Minipiezometer C
Cardenas Hvorslev Bouwer and Baxter
and
Rice
Zlotnik

Cardenas
and
Zlotnik

85 cm - 80 cm

3.17E-01

2.68E-01

6.37E-01

2.68E-01

3.09E-01

2.61E-01

6.21E-01

2.61E-01

3.09E-01

2.61E-01

6.21E-01

2.61E-01

80 cm - 75 cm

3.32E-01

2.80E-01

6.65E-01

2.80E-01

3.18E-01

2.68E-01

6.38E-01

2.68E-01

3.15E-01

2.65E-01

6.31E-01

2.65E-01

75 cm - 70 cm

3.37E-01

2.84E-01

6.75E-01

2.84E-01

3.29E-01

2.78E-01

6.60E-01

2.78E-01

3.29E-01

2.77E-01

6.60E-01

2.77E-01

70 cm - 65 cm

3.50E-01

2.96E-01

7.03E-01

2.95E-01

3.40E-01

2.86E-01

6.81E-01

2.86E-01

3.44E-01

2.90E-01

6.89E-01

2.90E-01

Average Ksat at T 3.34E-01
Ksat at 20°C
3.60E-01

2.82E-01

6.70E-01

2.82E-01

3.24E-01

2.73E-01

6.50E-01

2.73E-01

3.24E-01

2.73E-01

6.50E-01

2.73E-01

3.04E-01

7.22E-01

3.04E-01

3.49E-01

2.95E-01

7.01E-01

2.95E-01

3.49E-01

2.95E-01

7.01E-01

2.95E-01

Computed 𝐾𝑠𝑎𝑡 values in cm/s for Test Material 6 (Injection Temperature=17°C)
Minipiezometer A
Measurements Hvorslev Bouwer
Baxter
at head
and Rice

Minipiezometer B
Cardenas Hvorslev Bouwer
Baxter
and
and Rice
Zlotnik

Minipiezometer C
Cardenas Hvorslev Bouwer and Baxter
and
Rice
Zlotnik

Cardenas
and
Zlotnik

85 cm - 80 cm

3.28E-01

2.76E-01

6.57E-01

2.76E-01

3.16E-01

2.67E-01

6.34E-01

2.67E-01

3.16E-01

2.66E-01

6.34E-01

2.66E-01

80 cm - 75 cm

3.37E-01

2.84E-01

6.75E-01

2.84E-01

3.24E-01

2.73E-01

6.50E-01

2.73E-01

3.27E-01

2.76E-01

6.57E-01

2.76E-01

75 cm - 70 cm

3.44E-01

2.90E-01

6.90E-01

2.90E-01

3.32E-01

2.80E-01

6.66E-01

2.80E-01

3.30E-01

2.78E-01

6.61E-01

2.78E-01

70 cm - 65 cm

3.57E-01

3.01E-01

7.16E-01

3.01E-01

3.45E-01

2.91E-01

6.93E-01

2.91E-01

3.45E-01

2.91E-01

6.91E-01

2.91E-01

Average Ksat at T 3.41E-01
Ksat at 20°C
3.68E-01

2.88E-01

6.85E-01

2.88E-01

3.29E-01

2.78E-01

6.61E-01

2.78E-01

3.29E-01

2.78E-01

6.61E-01

2.78E-01

3.10E-01

7.38E-01

3.10E-01

3.55E-01

3.00E-01

7.12E-01

2.99E-01

3.55E-01

2.99E-01

7.12E-01

2.99E-01
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Table 6 compares the different 𝐾𝑠𝑎𝑡 values obtained using the three different
equations with the “true” values of 𝐾𝑠𝑎𝑡 as obtained from the large-scale permeameter tests.
All of the 𝐾𝑠𝑎𝑡 values shown here have been converted to 𝐾𝑠𝑎𝑡 at room temperature (20°C).
For the 𝐾𝑠𝑎𝑡 values computed using the different equations, the 𝐾𝑠𝑎𝑡 averaged across the
different heads are given. As seen from these results and for our experimental conditions,
none of the equations is able to estimate the “true” value of saturated hydraulic conductivity
for any of the materials tested, at least over any range of 𝐾𝑠𝑎𝑡 values.
There could be a number of reasons as to why the different equations do not perform a
good job at estimating the 𝐾𝑠𝑎𝑡 values. The first of these is that none of these models
incorporates the effects that the screen parameters (e.g., number and diameter of holes drilled
in the PVC pipes) have on the rate of flow at a given head. A second important factor that the
previous authors have not accounted for is the different behavior of the headloss as one
moves radially outwards from the wall of the PVC pipe. The length over which the available
head (that at which water is injected into the minipiezometers) dissipates around the
minipiezometers must depend on both its magnitude as well as the porous medium. Thus, the
common assumption of constant “effective radius” or “slug length” for all porous media and
possible heads should not hold true. In the next section, we discuss the effects that different
screen parameters have on the flow rates through minipiezometers and recommend an
equation to better estimate 𝐾𝑠𝑎𝑡 values based on injection tests in PVC minipiezometers like
the ones used for this research.
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Table 6: Summary of 𝐾𝑠𝑎𝑡 values obtained from injection test on minipiezometers compared
with “true” 𝐾𝑠𝑎𝑡 obtained from permeameter measurements. All values are in cm/s.
𝑲𝒔𝒂𝒕 (cm/s) - Test Material 1
Minipiezometer
A
B
C

Hvorslev
3.30E-02*
6.96E-02
6.80E-02

Bouwer and
Rice
2.78E-02*
5.87E-02
5.73E-02

Baxter
6.62E-02*
1.40E-01
1.36E-01

Cardenas and
Zlotnik
2.78E-02*
5.86E-02
5.73E-02

Permeameter
3.60E-02

𝑲𝒔𝒂𝒕 (cm/s) - Test Material 2
Minipiezometer
A
B
C

Hvorslev
1.18E-01
1.08E-01
1.07E-01

Bouwer and
Rice
9.92E-02
9.12E-02
9.04E-02

Baxter
2.36E-01
2.17E-01
2.15E-01

Cardenas and
Zlotnik
9.91E-02
9.11E-02
9.04E-02

Permeameter
1.19E-01

𝑲𝒔𝒂𝒕 (cm/s) - Test Material 3
Minipiezometer
A
B
C

Hvorslev
1.76E-01
1.73E-01
1.68E-01

Bouwer and
Rice
1.49E-01
1.46E-01
1.42E-01

Baxter
3.54E-01
3.48E-01
3.37E-01

Cardenas and
Zlotnik
1.49E-01
1.46E-01
1.42E-01

Permeameter
3.29E-01

𝑲𝒔𝒂𝒕 (cm/s) - Test Material 4
Minipiezometer
A
B
C

Hvorslev
2.93E-01
2.83E-01
2.81E-01

Bouwer and
Rice
2.47E-01
2.39E-01
2.37E-01

Baxter
5.88E-01
5.68E-01
5.64E-01

Cardenas and
Zlotnik
2.47E-01
2.39E-01
2.37E-01

Permeameter
2.55E+00

𝑲𝒔𝒂𝒕 (cm/s) - Test Material 5
Minipiezometer
A
B
C

Hvorslev
3.60E-01
3.49E-01
3.49E-01

Bouwer and
Rice
3.04E-01
2.95E-01
2.95E-01

Baxter
7.22E-01
7.01E-01
7.01E-01

Cardenas and
Zlotnik
3.04E-01
2.95E-01
2.95E-01

Permeameter
9.22E+00

𝑲𝒔𝒂𝒕 (cm/s) - Test Material 6
Minipiezometer
A
B
C

*

Hvorslev
3.68E-01
3.55E-01
3.55E-01

Bouwer and
Rice
3.10E-01
3.00E-01
2.99E-01

Baxter
7.38E-01
7.12E-01
7.12E-01

Measurement affected by dye clogging
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Cardenas and
Zlotnik
3.10E-01
2.99E-01
2.99E-01

Permeameter
>5.73E+01

Discussion on an adequate equation
All four equations by Hvorslev (1951), Bouwer and Rice (1976), Cardenas and
Zlotnik (2003), and Baxter et al. (2003) basically state that the rate of flow (Q) out of the
screen of minipiezometers, when water is injected with a certain head (y), is directly
proportional to the 𝐾𝑠𝑎𝑡 of the medium, when all of the other parameters like depth to the
impermeable layer (D), distance from the screen to stream-aquifer interface (H), and length
of the screen (L) are kept constant. In all of our injection experiments with Minipiezometers
A, B, and C, the values of all of these parameters are kept constant, so that the linear relation
between Q and 𝐾𝑠𝑎𝑡 would be expected to hold. In Figure 24, the flow rate through
Minipiezometers A, B and C is plotted against the “true” 𝐾𝑠𝑎𝑡 of the different test materials,
in logarithmic scale.

Figure 24 Comparison between the “true” 𝐾𝑠𝑎𝑡 of the test materials and the rate of flow
through the minipiezometers.
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As seen in Figure 24, the relation between Q and 𝐾𝑠𝑎𝑡 is not linear as suggested in the
literature; it is logarithmic, instead. All of the test materials plot on this logarithmic line
except for Test Material 6. This is probably because the flow rates for Test Material 6 are so
high, that the loss of energy as the water moves out of the individual holes in the screen of the
minipiezometer becomes significant and thus the discharge does not increase with increasing
𝐾𝑠𝑎𝑡 at a similar rate. The best equation fitting our data (excluding that obtained using
Minipiezometer A for Test Material 1 and all data for Test Material 6) is found as:
𝑄 = [0.844 log(𝐾𝑠𝑎𝑡 ) + 3.75] 𝑦

(4.1)

where Q is in cm3/s, 𝐾𝑠𝑎𝑡 is in cm/s and y is in cm.
Even though Equation (4.1) gives a better estimation of 𝐾𝑠𝑎𝑡 as compared to equations
available in the literature, a very unusual behavior can be observed. Note that the term
[0.844 log(𝐾𝑠𝑎𝑡 ) + 3.75] is less than or equal to zero for 𝐾𝑠𝑎𝑡 = 0.01 cm/s. This implies that
the discharge would be zero for all values of 𝑦 when water is injected in a medium with 𝐾𝑠𝑎𝑡
< 0.01cm/s. Since this cannot be true, there is a lower limit below which this equation is not
valid.

Figure 25: “True” 𝐾𝑠𝑎𝑡 measured from the permeameter versus 𝐾𝑠𝑎𝑡 estimated using Equation
(4.1)
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Figure 25 is a log-log plot of the “true” values of 𝐾𝑠𝑎𝑡 , as measured from the data
collected with the constant head permeameter tests, against 𝐾𝑠𝑎𝑡 values estimated using
Equation (4.1), for all of our injection experiments. As can be seen, there is a reasonable
agreement in the range 10-2 cm/s < 𝐾𝑠𝑎𝑡 < 101 cm/s, but a significant deviation from the 1:1
line occurs for the highest 𝐾𝑠𝑎𝑡 material (Test Material 6). As mentioned earlier, one of the
possible reasons for this could be that since the 𝐾𝑠𝑎𝑡 of this test material is very high, the loss
of energy due to expansion as the water moves out of the holes of the screen is too high.
Also, as we move towards the right (higher 𝐾𝑠𝑎𝑡 media) the deviation from the 1:1 line
increases. This is because the flow rate increases with higher 𝐾𝑠𝑎𝑡 medium and a slight error
in the time readings used to compute flow rate can cause a higher percentage change in the
computed Q as compared to low 𝐾𝑠𝑎𝑡 media. Since the relation between Q and 𝐾𝑠𝑎𝑡 is
logarithmic in that range, the change in computed 𝐾𝑠𝑎𝑡 becomes very significant due to
changes in Q. However, the 𝐾𝑠𝑎𝑡 estimated using this equation seems to be within the same
order of magnitude of the “true” 𝐾𝑠𝑎𝑡 , except for Test Material 6.
Also, it is worth mentioning that according to our results from the bucket
experiments, the screen parameters as well as the distances D (distance to the impermeable
layer) and H (depth of the screen from the water level) all affect the relationship between
flow rate and head. As a result, the equation we are proposing is only valid for our specific
minipiezometers of ¾” nominal diameter, with 30 holes of diameter 9/64”, drilled within a 5cm long screen, and also for specific values of D = 30.5 cm and H = 17.5 cm. In the next
section, using our data from the bucket experiments, we perform a preliminary analysis of
how the flow rate (Q) changes in relation to these parameters.
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Study of shape factor for minipiezometers
As mentioned in Chapter 2, the screen of conventional piezometers differs from that
in PVC minipiezometers, used in hyporheic research. Also, there is a disagreement between
the Hvorslev (1951) and the Bouwer and Rice (1976) methods in regard to whether or not the
flow rate through the minipiezometer screen is affected by distances H and D (depth of the
minipiezometer screen from the stream-aquifer interface and depth of the impermeable layer
from the stream-aquifer interface, respectively). Thus, in this section we present the results
from bucket experiments to show how the different screen parameters of the minipiezometers
and the different values of H and D have an effect on the flow rate through the PVC
minipiezometers.
Figure 26 shows the change in discharge through a minipiezometer for different
numbers of holes drilled for a given screen length (5 cm for the lower four series and 20 cm
for the upper four series), keeping the total area of holes constant. As we go from left to right
on the x-axis, the number of holes increases but the diameter of the holes is decreased so as to
keep the total area of holes constant. Minipiezometers 10 and 11 (area = 148.5 mm2), and 12
and 13 (area =213.5 mm2, see Table 1) are used in this comparison. As seen in the figure,
there is not much change in Q when the number of holes is increased from 12 to 48, while
keeping the total area constant. In practical field cases, this indicates that if injection
experiments are always conducted with a minimum of, say 30 holes, then the effect of
number of holes on Q can be ignored.
Figure 27 shows the change in Q when screen length is increased while keeping the
total area of holes constant (at ≈ 300.5 mm2). It can be seen that the change in Q is much
more abrupt when the screen length is increased from 5 cm to 7.5 cm, but then it only
changes slightly when screen length is further increased from 7.5 cm to 20 cm. This suggests
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that it is more optimal to use minipiezometers with a screen length of at least 7.5 cm, so that
Q is not as sensitive to screen length.

Figure 26: Discharge (in cm3/s) through the minipiezometer for different numbers of holes
drilled over a given screen length (5 cm for the lower four series and 20 cm for the upper four
series), keeping the total area of holes constant, for a range of heads y (in cm).

Figure 27: Discharge (in cm3/s) through the minipiezometers for different screen lengths,
when the number of holes drilled and the total area of holes are kept constant, for a range of
heads y (in cm).
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Finally, Figure 28 shows the change in Q when the total area of holes is increased,
while keeping the screen length constant (at 10 cm). As we go from left to right on the x-axis,
the number of holes is increased keeping the diameter of the holes constant at 9/64”, so that
total area of holes is increasing. Here as well, a steep increase in Q can be observed when the
area of holes initially increases from 360 mm2 (N = 36) to 480 mm2 (N = 48), but the change
in discharge is moderate for larger values. This suggests that when using ½”
minipiezometers, the total area of holes should be greater than 480 mm2.

Figure 28: Discharge (in cm3/s) through minipiezometers for different total areas of holes
drilled (shown as number of holes of fixed diameter), keeping the screen length constant at 10
cm, for a range of heads y (in cm).
Figure 29 shows the change in Q when the depth of the minipiezometer screen
measured from the sediment-water interface (H) is increased from 25 cm to 50 cm, keeping
the depth to the impermeable layer as measured from the sediment-water interface (D)
constant at 65 cm. The figure also shows the change in Q considering the shape factor given
by Bouwer and Rice (1976). The discharge as given by the Bouwer and Rice method is
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normalized for H = 50 cm so that only the effect of H on Q is considered. It can be seen that
Q decreases linearly when the depth of the screen (H) increases. This change is much steeper
as compared to the change in Q as explained by the change in a piezometer’s shape factor
according to Bouwer and Rice (1976). One of the possible explanations for this behavior
could be due to our experimental design: as the depth at which the screen is located increases,
the flow path length will also increase because horizontal flow is restricted in the buckets,
forcing water to move vertically upwards, and hence decreasing the flow rate.

Figure 29: Discharge (in cm3/s) through the minipiezometers for different values of H
(distance to minipiezometer screen, in cm) when D (distance to impermeable boundary) is
kept constant at 65 cm, for a range of heads y (in cm).
Figure 30 shows the change in Q when the depth to the impermeable layer as
measured from the sediment-water interface (D) is increased from 40 cm to 70 cm, keeping H
constant at 25 cm. The figure also shows the change in Q considering the shape factor given
by the Bouwer and Rice (1976). In this plot as well, the discharge as given by Bouwer and
Rice method is normalized for D = 40 cm so that only the effect of D on Q is considered. It
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can be seen that the depth D also has an effect on flow, so that Q increases when D increases.
Again, this behavior is also not as expected considering the shape factor given by Bouwer
and Rice (1976). The physical explanation for how the depth to the impermeable layer and
the depth of the screen interact to affect the flow rate through these minipiezometers cannot
be understood from these data. There is also the further doubt as to whether bucket
experiments can really be used to study these effects, as the flow paths are probably
horizontal only over short distances. In any case, further experimentation is necessary to draw
any significant conclusion regarding these parameters.

Figure 30: Discharge (in cm3/s) through the minipiezometers for different values of D
(distance to impermeable boundary, in cm) when H (distance to minipiezometer screen) is
kept constant, for a range of heads y (in cm)
What is absolutely clear from the bucket experiments, though, is that screen
parameters (length, number of holes, sizes of holes) do affect the behavior of the
minipiezometers at least for the range of conditions tested herein. This implies that (i) our
results from the permeameter apparatus, comparing “true” 𝐾𝑠𝑎𝑡 with values obtained from
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minipiezometers, are only valid for our specific design; (ii) it is fundamental to standardize
minipiezometer design for practical (e.g., hyporheic research) applications; and (iii) there is a
clear need for further research into the interactions between minipiezometer and screen
design, and the depth of screen and impermeable layer from the sediment-water interface
(H,D) of each case.
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5 CONCLUSIONS
We evaluated equations that are widely used for computing saturated hydraulic
conductivity, 𝐾𝑠𝑎𝑡 , using PVC minipiezometers, but that were originally developed for slug
tests conducted on partially and completely penetrating wells. It is observed in injection tests,
that the rate of flow through our PVC minipiezometers does not change linearly with the 𝐾𝑠𝑎𝑡
of the media in which the tests are conducted. Rather, the relation between Q and 𝐾𝑠𝑎𝑡 is
found to follow a logarithmic trend, as shown in the equation we propose. However,
developing a general equation for estimating 𝐾𝑠𝑎𝑡 from injection data collected in
minipiezometers still faces a number of issues, as discussed below:
i.

The logarithmic relation between Q and 𝐾𝑠𝑎𝑡 means that the results of injection tests
conducted with PVC minipiezometers are very sensitive to time measurements. Thus,
any estimate of 𝐾𝑠𝑎𝑡 will only be within the same order of magnitude as actual 𝐾𝑠𝑎𝑡
values.

ii.

Our experimental work was conducted for materials with 𝐾𝑠𝑎𝑡 ranging from 10-2 cm/s to
10 cm/s. It is not known if the logarithmic behavior would extend beyond this range.
Also, the proposed best-fit relation collapses to 𝐾𝑠𝑎𝑡 ≈ 0.01 cm/s as Q → 0. This means
that the minimum 𝐾𝑠𝑎𝑡 value for which this logarithmic model will be valid is on the
order of 10-2 cm/s.

iii.

For the sake of comparison, all of our apparatus experiments were conducted keeping
multiple parameters constant like the screen length, number of holes, total area of holes,
depth of the screen (H), and depth to the impermeable layer (D). But our results from
injection tests done in buckets show that changes in the Bouwer and Rice shape factor
due to changes in these parameters do not explain adequately the variability in Q for our
PVC minipiezometers. Whether or not these bucket experiments are a proper
representation of injection tests conducted in the field remains to be tested. Flow paths in
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bucket experiments have to curve at some distance from the minipiezometer wall,
whereas flow in field tests would be predominantly horizontal. In any case, further
experimentation is necessary to understand how these geometric parameters affect the
injection flow rates.
iv.

Fritz et al. (2016) concluded that the Bouwer and Rice method for slug tests conducted
in their smaller-diameter minipiezometers were able to produce satisfactory estimation
of 𝐾𝑠𝑎𝑡 for media with low conductivity values (< 10-3 cm/s) while failing to estimate
accurate 𝐾𝑠𝑎𝑡 values for media with higher conductivity values (> 10-3 cm/s). This was
because the frictional losses in their smaller diameter minipiezometers became
significant for porous media with higher 𝐾𝑠𝑎𝑡 values, resulting in headloss due to
friction. This is not an issue for our PVC minipiezometers, which have a much larger
diameter, where frictional losses would be negligible. Whether or not the Bouwer and
Rice method could still work in our case as well for 𝐾𝑠𝑎𝑡 < 10-3 cm/s remains unknown
as no experimentation was conducted for samples with 𝐾𝑠𝑎𝑡 values less than 10-2 cm/s.
Even though our results have left us with more questions raised than answered, three

main conclusions can be drawn based on the results presented in this work:
i.

The assumption of linear change in flow rate with the 𝐾𝑠𝑎𝑡 of the porous medium does
not seem to be valid for slug tests or injection tests conducted in sediments with 𝐾𝑠𝑎𝑡
values greater than about 10-2 cm/s.

ii.

There is a certain maximum 𝐾𝑠𝑎𝑡 value after which the injection tests conducted with
minipiezometers would not be applicable. Beyond this limit, the loss of energy in
expansion as the water moves out of the holes of the minipiezometers becomes
significant and the flow rate no longer follows the observed logarithmic trend. This
maximum limit for 𝐾𝑠𝑎𝑡 is suspected to be somewhere between 10 cm/s and 50 cm/s.
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iii.

Since the screens of the minipiezometers are made by drilling a finite number of holes,
unlike the continuous slotting in screens of conventional wells and piezometers, the
shape factors for the latter should not apply for PVC minipiezometers. A corollary is that
the behavior of any minipiezometer, and thus any equation purporting to represent it,
must depend on the specific design of its screen.
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